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ABSTRACT
The complex X-ray system IGR J11014-6103 (a.k.a. the Lighthouse nebula) is composed of a bow-shock pulsar wind nebula (PWN)
as well as large-scale jet-like features, all launched by IGR J11014-6103 which is moving supersonically in the interstellar medium.
Previous observations suggested that the jet features stem from a ballistic jet of relativistic particles. In order to confirm the nature
of the jet and the marginally detected counter-jet, we obtained a new deep 250 ks Chandra observation of the Lighthouse nebula.
We performed detailed spatial and spectral analysis of all X-ray components of the system. The X-ray PWN is now better resolved
and shows a clear bi-modal morphology. The overall helical pattern of the main jet is confirmed. However, there are large deviations
from a simple helical model at small and large scales. Significant extended emission is now detected, encompassing the main jet all
along its length. The brightness dip of the main jet at ∼ 50′′ distance from the pulsar is confirmed, the extended emission however
prevents conclusions about the coherence at this position of the jet. The counter-jet is now detected at high statistical significance. In
addition, we found two small-scale “arcs” departing from the pulsar towards the jets. We also looked for possible bow-shock emission
in front of the pulsar, with a short VLT/FORS2 H-α observation. No clear emission is found, most likely because of contamination
from a diffuse surrounding nebulosity. The results of our X-ray analysis show that current expectations from a ballistic nature of
the jets can explain satisfactorily some of the observational evidences but cannot fully reproduce the observations. The alternative
scenario (diffusion of particles along preexisting magnetic field lines in the surrounding medium) however also continues to suffer
from conflicts with the observations.
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1. Introduction
Neutron stars are one of the possible end points of the stellar
evolution, and are produced in most cases through the degener-
ate collapse of the core of a massive star (once the internal part
of the star has reached an unstable condition). This core-collapse
supernova explosion can imprint a strong natal kick to the newly
born neutron star, which can consequently move with high ve-
locity into the ambient medium (see e.g. the review by Janka
2012). Detailed analyses of the galactic pulsar population found
a mean velocity of ∼400 km/s (Hobbs et al. 2005). The high-
est velocity directly measured is that of PSR B1508+55 with
vPSR = 1083+103−90 km/s (Chatterjee et al. 2005).
When the spatial velocity of a pulsar is sufficiently large, it
will escape its progenitor’s supernova remnant (SNR) while the
SNR is still young and active e.g. in X-rays. The pulsar’s motion
in the interstellar medium ISM is then typically supersonic. In
this case, a bow-shock is generated in front of the pulsar, and
the swept-up matter prevents the wind expelled by the pulsar to
propagate in the direction of motion. This wind is then colli-
mated backwards, forming a nebula confined in a conical shape
(whose aperture angle depends, among other parameters, on the
pulsar linear velocity; for a review see, e.g. Gaensler 2005).
MSH 11-61A (a.k.a. G290.1-0.8) is a mixed morphology
SNR detected from radio to soft X-rays (up to ∼3 keV), formed
by the core collapse of a massive progenitor star (mass & 25M;
Filipovic´ et al. 2005; Reynoso et al. 2006; García et al. 2012;
Kamitsukasa et al. 2015; Auchettl et al. 2015a). Following these
authors, the distance to the SNR is in the range 6 -11 kpc, with
the latest values converging towards 7 ± 1 kpc. This distance
of 7 kpc is adopted throughout the paper1. Close to this SNR
is the INTEGRAL source IGR J11014-6103 – an X-ray system
powered by the pulsar PSR J1101-6101 and comprising several
extended structures (Pavan et al. 2011; Tomsick et al. 2012; Pa-
van et al. 2014, hereafter Paper II; Halpern et al. 2014). Previ-
ous Chandra observations that were aimed at the INTEGRAL
source identified these structures as three outflows produced by
PSR J1101-6101: an X-ray and radio PWN, shaped in a narrow
cone elongated towards the parent SNR, and an X-ray jet and
counter-jet, both oriented nearly perpendicular to the PWN axis
(Tomsick et al. 2012, Paper II). The main jet extends for nearly
5′ in the sky, which corresponds to a length of ∼ 11 pc projected
on the plane of the sky, at the 7 kpc distance, and showed a re-
markable helicoidal pattern (see Paper II). Already in this data
1 for reference, at the distance of 7 kpc an angular scale of 1 arcmin
corresponds to ∼ 2 pc.
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set, indications for a spatial deviation from the helical pattern
of the main jet were present at ∼ 50′′ distance from the pulsar.
At this position the surface brightness of the jet is low (seem-
ingly a “gap”), but the brightness profile was compatible with
expectations due to Doppler-deboosting in the jet-helix model.
The spatial deviation was therefore not considered significant at
the time, also because the data were hampered by the presence
of CCD chip gaps, resulting in only 50% effective exposure in
that region. The spatial deviation was therefore not considered
significant at the time.
The counterjet was detected at 3.7σ in the Chandra image
and characterised by a flux of ∼ 5% that of the main jet. The
conical shape of the PWN in IGR J11014-6103 is ascribed to
the supersonic motion of PSR J1101-6101 in the ISM (Tom-
sick et al. 2012). Although several examples of bow-shock pulsar
wind nebulae (bsPWNe) have now been detected in connection
with their pulsars travelling at supersonic velocities in the inter-
stellar medium (see e.g. Gaensler et al. 2004; McGowan et al.
2006; Kargaltsev & Pavlov 2008), only one other system is shar-
ing a geometry similar to the one seen in the Lighthouse nebula:
the Guitar nebula, powered by PSR B2224+65 (Cordes et al.
1993; Chatterjee & Cordes 2002; Johnson & Wang 2010; Hui
et al. 2012). In this source the pulsar is powering a bright and
elongated X-ray jet as well, extending over ∼1 pc in a direction
almost perpendicular to pulsar direction of motion. In both cases,
that of the Lighthouse nebula and that of the Guitar nebula, the
mechanism leading to the production of such peculiar jets is still
poorly understood (Bandiera 2008, Johnson & Wang 2010, Pa-
van et al. 2011, Hui et al. 2012, Paper II).
To solve a series of questions that could not be conclusively
addressed with the previous data set, we obtained in 2014 a
much deeper Chandra X-ray observation (250 ks), the analy-
sis of which we describe here in Sect. 2. In contrast to our first
Chandra observation that was aimed at imaging with the high-
est accuracy the pulsar and the PWN, we centered this second
observation on the main jet to investigate its intriguing morphol-
ogy. The observation was split into 5 smaller exposures (with
different roll angles) because of planning constraints. We then
chose to optimise the pointing displacement to have the main jet
(and the pulsar) entirely included in a single (and same) CCD,
in order to optimally investigate the “gap” region along the main
jet, and the region connecting the pulsar and the jet base. This
was achieved with a simZ offset of 6.0 mm and a Y offset of
1.0′. The offsets were kept identical in all exposures to ensure a
good handling of the combined events. We report here also on
the analysis of an exploratory observation performed with VLT
to search for possible H-α emission close to the pulsar (Sect. 3).
In Sect. 4 we discuss the results of our data analyses, and provide
our conclusions in Sect. 5.
2. Chandra X-ray observations and data analysis
The new Chandra observation was split into 5 shorter exposures,
as detailed in Table 1. The data have been processed with Chan-
dra CIAO v.4.7, using the latest available calibrations (CALDB
v. 4.6.7). All observations have been reprocessed with the CIAO
tool chandra_repro, using vfaint mode background clean-
ing and subpixel resolution (edser method), unless differently
specified. After cleaning, we verified that this filter did not af-
fect significantly the event counts of the emitting structures in
IGR J11014-6103. Only the pulsar was partially affected by this
filter, with ∼6% of good events being rejected. We used there-
fore the vfaint background cleaned evt2 files in the following.
Table 1. Summary of the Chandra observations of IGR J11014-6103
Obs ID Exposure Roll Angle Obs Date
(ks) (deg)
new observation
16007 116.0 189.2 2014-08-28
16517 52.0 181.5 2014-09-05
16518 10.0 155.2 2014-09-29
17422 49.4 155.2 2014-10-01
17421 19.8 155.2 2014-10-02
previous obs
13787 49.4 142.3 2012-10-11
We also verified that the observations were not affected by high
flaring background. The total cleaned exposure time was 247 ks.
By computing and inspecting the PSF map of each observa-
tion, we verified that in all cases the characteristics of the in-
strument PSF were virtually constant in the region including the
pulsar, the jets, and the PWN.
2.1. Imaging
The new observations were combined in an exposure corrected
mosaic with the ciao tool merge_obs, in the energy range 0.5-
7 keV (see Fig. 1). The main spatial features seen in this mosaic
are:
PWN: The PWN has a sharp conical shape, but it also shows
a more extended and collimated component. The overall struc-
ture resembles the shape of an arrow, with the “shaft” of the
arrow extending over ∼1.7′ in a compact cylindrical shape, and
the “head” extending on a wider and slightly dimmer cone, with
an aperture of ∼ 30◦ up to ∼ 0.7′ from the pulsar (see inset in
Fig. 1). Comparing the new image to our previous 50 ks obser-
vation, we note that the same structure was present also in that
observation, but less evident because of the lower statistics.
counter-jet: The counter-jet is now very significantly de-
tected and it extends remarkably linearly for 1.5′, in SE direc-
tion. It also appears to be roughly aligned with the first 50′′ of
the main jet.
Main jet: Overall the main jet still shows the same pattern
found in our previous shorter observation (Paper II), including
a spatial “break” at about 50-90′′ from the pulsar. Whereas in
the previous observation this region was coincident with a fac-
tor two lower exposure due to the presence of ACIS chip gaps,
the new data have equal exposure along the jet, without chip
gaps or other significant dead chip columns. We can thus con-
firm that the loss of a coherent line structure is intrinsic to the
emission from this region, and not due to instrumental artefacts.
Lower surface-brightness emission is now also clearly detected,
enshrouding the jet all along its length. Due to this emission, it
is not possible to determine from the image whether the seeming
“gap” is a true spatial break/decollimation of the jet, or whether
the emission from the main jet is just dimming and mixed with
the surrounding emission in this region (see also Sect. 2.3).
Arcs: In addition to the main spatial features described
above, visual inspection of the mosaic image at small scales
around the pulsar reveals the presence of an “arc” departing from
the pulsar position towards the counter-jet (see inset in Fig. 1),
with hints for the presence of a second, almost symmetric, arc
west of the pulsar (i.e. towards the main jet). Because of the
relatively low S/N level of the arc emission at larger distances
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Fig. 1. Chandra 250 ks mosaic of the Lighthouse nebula (exposure corrected and smoothed with a gaussian kernel of σ=1.5 pixel). The color scale
at the bottom of the plot is in units of photon/cm2/s. Solid red rectangles “a”–“d” (and the corresponding dashed background boxes) were used to
extract brightness profiles perpendicularly to the main jet (Sect. 2.3). The regions used for spectral extraction are also shown: solid black regions
are used for the extraction of the mean spectra of the main jet, the counter-jet and the PWN (Sect. 2.4.1). For the point source PSR J1101-6101 we
used a circle of radius 1.6′′centered on the pulsar position (not displayed). Background regions are marked with dashed black circles. In the inset:
the details of the PWN shape and the attaching points of the two jets to the pulsar are visible. Colored rectangular regions along the PWN were
used to extract spatially resolved spectra (Sect. 2.4.2).
from the pulsar, and to the presence of diffuse emission around
the PWN edge, it is, however, impossible to verify whether this
arc structure exists only between the pulsar and the base of the
counter-jet, or if it extends further away. The arcs can be fol-
lowed up to ∼12′′ and 18′′ from the pulsar, in direction to the
main jet and to the counter-jet, respectively.
To reveal the signal in low surface-brightness regions, we ex-
tracted an adaptively binned image of the Lighthouse nebula. In
order to do this, we applied the Voronoi tessellation algorithm
developed by Cappellari & Copin (2003), as implemented in
Eckert et al. (2015). We used a target S/N of 3 for the algorithm,
which allows us to visualize statistically significant brightness
variations across the nebula. The resulting image is shown in
Fig. 2. All the known structures of the Lighthouse nebula (pul-
sar, PWN, main jet and counter-jet) are highly significant, as well
as the diffuse emission around the main jet. This diffuse emis-
sion appears organised in “stripes” almost parallel to the main
jet and more prominent at its far end. Closer to the pulsar, the al-
gorithm is not able to resolve the apparent parallel lines (Fig. 1),
the emission appears as more diffuse. This broad region of emis-
sion encircling the main jet is analysed in more detail in Sect. 2.3
and 2.5.
2.2. Pulsar proper motion
The absolute astrometric accuracy of 0.6′′ of Chandra per-
mits to perform sensitive proper motion searches of bright
point-like sources and in particular of isolated pulsars, by
comparing the position measured in observations separated
by several years (see e.g. Auchettl et al. 2015b; Van Etten
et al. 2012; Motch et al. 2009). Moreover, the relative posi-
tional accuracy between different observations can be signifi-
cantly improved with respect to the absolute accuracy by re-
moving systematic uncertainties that affect in the same way
the different observations (see the Chandra documentation
at http://cxc.harvard.edu/cal/ASPECT/celmon/). Here,
we used our previous 50 ks observation and the new 250 ks
Chandra observation of IGR J11014-6103 to search for proper
motion of the pulsar (details of each observation are listed in Ta-
ble 1). In each observation the pulsar is almost on-axis, although
the telescope was operated in different configurations. To study
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Fig. 2. Mosaic image of IGR J11014-6103 with Voronoi adaptive bin-
ning. Each cell in this image has a S/N ≥ 3. The image is color coded in
units of photon/cm2/s/arcmin2 as detailed in the color map at the bottom
of the plot. The pulsar, the main jet, the counter-jet, and the PWN are
all detected at high significance. The broader emission around the main
jet is also clearly detected. The black ruler shows linear distances along
the jet.
the pulsar and the surrounding region, we used event files repro-
cessed without the vfaint mode background cleaning, as we in-
cluded the old observation performed in FAINT mode. We used
as reference frame obs.ID 16007, which has the longest expo-
sure time (116 ks) and therefore the largest number of field point
sources detected. We then registered all other exposures by cre-
ating a list of common field point sources with detection signif-
icance above 4 σ (within 8′ from the pulsar, to avoid including
too strong boresite effects) between each frame and the refer-
ence one, to minimize the observed displacements. The CIAO
tool wcs_match was used to accomplish this. The number of
common field sources between the reference frame (where we
identified a total of 36 field sources satisfying the above cri-
teria) and each other frame varied between 8 and 20, depend-
ing on the frame exposure. We corrected the reference positions
for known proper motions of the field sources (we found 4 field
point sources with optical counterpart in USNO B-2, for which
a significant proper motion is known).
By comparing the residuals of the field source positions after
registration of the frames, we found a relative positional accu-
racy of 0.2′′ between all observations. We verified that inclu-
sion or exclusion of the four sources with high proper motion
does not affect the final positional accuracy. No significant pul-
sar displacement has been detected between the different epochs
(which are approximately 2 years apart), resulting in a pulsar
proper motion µPSR ≤ 0.3′′/yr (at 3 σ level). This upperlimit
is not constraining, it is consistent with the expected value of
0.03′′/yr (vPSR/1000 km/s) · (7 kpc/dPSR), assuming a pulsar ve-
locity of 1000 km/s (Paper II).
2.3. Brightness Profiles
We extracted exposure-corrected, background-subtracted bright-
ness profiles along the PWN and the main jet, using counts in
rectangular regions. We defined 20 regions along the jet, ex-
tended for 20′′ each, and 18 regions of 5′′ length each along
the PWN (see Fig. 3). From the counts recorded in each re-
gion we computed the brightness profiles with the CIAO tool
Fig. 3. Top panels: brightness profile as a function of distance from the
pulsar, extracted along the jets (the brightness in the pulsar bin is not
to scale), from the regions shown in the image above. The horizontal
scale is the same in the profile plot and in the extraction region image.
The black profile is extracted from the new 250 ks data, for comparison
the profile obtained from the previous 50 ks observation is drawn as a
filled green histogram. Bottom panels: same as above, but for extraction
regions along the PWN.
dmextract. In Fig. 3 we compare the profiles extracted from the
new 250 ks data with those obtained from the same regions in the
old 50 ks observation. The images are normalised for the corre-
sponding exposure maps, thus correcting for the effects related to
the different integration time and satellite roll angle (and hence
also the different positions of the chips gaps on the images). The
brightness profiles do not show any relevant difference between
the old and new observation (to within the uncertainties). At 50-
90′′ from the pulsar, where the images seem to show a spatial
break, we do actually not measure any significant brightness de-
crease with this choice of the profile extraction regions.
In our deep mosaic (Fig. 1), an additional diffused emission
component is visible around the main jet. The Voronoi-binned
image (Fig. 2) suggests that this emission comprises several
“stripes” developing almost parallel to the main jet. To further
investigate the structure of the region around the main jet, we
computed the brightness profiles in different cuts perpendicular
to the jet (Fig. 4). These profiles clearly highlight the presence
of asymmetric X-ray emitting structures located both north and
south of the main jet. Given the relatively low S/N of the data,
we are currently unable to put firm constraints on the geometrical
shape of these structures (but we speculate on possible modelling
in Sect. 2.5).
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Fig. 4. Surface brightness profiles (black histograms) extracted in four
cuts perpendicular to the main jet (see regions “a” – “d” in Fig. 1).
We also plot for comparison the corresponding profiles obtained from
a model with a single narrow (green histogram) or large (green solid
curve) helical jet (see Sect. 2.5). In each plot the distance from the jet
axis increases towards the pulsar direction of motion (SW).
2.4. Spectra
We extracted from each Chandra observation in Table 1 all the
spectra that are described in Sect. 2.4.1 and 2.4.2, by using the
CIAO tool specextract, computing at the same time the ancil-
lary response file (ARF) and the response matrix file (RMF) of
each dataset. We used the same extraction regions in all frames,
and then combined the spectra of the same region with the CIAO
tool combine_spectra. This allowed us to obtain merged spec-
tra with higher S/N and their corresponding weighted ARF and
RMF. We verified that using the combined spectrum or fitting si-
multaneously the spectra from the various Obs-ID provides the
same results within the statistical uncertainties. In the following
we thus discuss only the merged spectra.
2.4.1. Average spectra of the extended regions
We extracted the average spectra of the pulsar, the PWN and the
jets from the regions defined in Fig. 1. The extraction regions
have been chosen to avoid the chips gaps in each exposure where
possible (the only exception being the counter-jet and the PWN,
which fall between two chips in all Obs-IDs).
All spectra are well described by a simple absorbed powerlaw
model (reduced χ2= 0.85–0.99). The results of the spectral anal-
ysis obtained from the fits to the pulsar, the PWN and the main
jet are compatible with those reported previously in Paper II.
Also the spectrum of the counter-jet is well fitted (reduced χ2=
0.9) with a simple absorbed powerlaw model. The best fit pa-
rameters are shown in Table 2. All spectra are interpreted as
synchrotron emission from relativistic electrons, following the
discussion in Paper II.
2.4.2. Spatially-resolved spectra
In order to analyse possible spectral variations as a function of
distance from the pulsar, we extracted a number of spectra from
small rectangular regions covering the PWN (as shown in Fig. 1).
The regions follow the brighter part of the PWN, to maximise
the S/N ratio. We used the same background regions as defined
above. All these spectra could be well fit with a simple absorbed
powerlaw model. The absorption column density remained con-
stant within uncertainties. We then fixed the column density NH
among all regions of the PWN to the average value of 9.9 ×1021
cm−2. The photon index distribution is shown in Fig. 5. The pho-
ton index of the PWN X-ray emission increases noticeably with
the distance from the pulsar. A fit with a parabolic function gives
an acceptable description of the data (reduced χ2=0.7) and pro-
vides a significant improvement with respect to the fit with a
linear function (reduced χ2 =2.6).
Fig. 5. Photon index along the PWN (uncertainties at 1σ level). The
best fit with a parabolic function is shown in red.
We performed a similar analysis of photon index along the
main jet. In this case, however, a more complex variation of
the photon index with the distance from the pulsar is found. To
study these variations in more details, we extracted a photon in-
dex map (Fig. 6) using the method presented in Rossetti et al.
(2007). We defined an adaptive 2D binning using the Voronoi
tessellation technique presented in Sect. 2.1 with a target of
300 counts per bin. We then extracted the surface brightness in
five logarithmically-spaced energy bands spanning the 1-6 keV
range, where the main jet is predominantly emitting. We esti-
mated the local background rate in each band and subtracted it
from the data, adding in quadrature the uncertainty in the back-
ground rate. We then used XSPEC to fold the model spectrum
with the Chandra response files to create a template of the ex-
pected count rate per band as a function of the photon index.
The absorption column density was fixed to its mean value of
NH = 9 × 1021 cm−2. A χ2 minimisation procedure was then
used to fit the templates to the spectra in each individual band
and estimate the photon index with its uncertainty.
The photon index map confirms the smooth softening along the
PWN, and the complex evolution of Γ within the main jet. To
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Table 2. Best fit spectral parameters for the Lighthouse nebula components. All spectra were fit using an absorbed powerlaw model (photon index
Γ). Uncertainties are at 90% c.l. on the spectral parameters and 68% c.l. on the fluxes.
NH Γ F2−10 keV χ˜2 /d.o.f.
(1022 cm−2) (10−13erg cm−2 s−1)
Pulsar 0.88±0.09 1.08±0.08 6.2±0.15 0.85 / 175
PWN 0.99±0.05 2.22 ±0.06 6.1±0.1 0.87 / 259






Fig. 6. Left panel: Photon index map along the main jet and PWN. The
colors represent different spectral indices, as shown in the colorbar at
the bottom of the plot. Contours are drawn around the regions for clarity,
at levels of Γ = 1.1, 1.5, 1.8, 2.8. Typical uncertainties on the spectral
indices are on the order of ±0.1. Right panel: the same contours are
reported on the spatial map to aid the visual identification of the regions
used for the spectral extractions, and of the regions clustering around
similar values of Γ. The region in red was used to extract spectra from
the main jet.
further characterise the spectral profile along the jet, we anal-
ysed first the correlation between Γ and the distance, and then
between Γ and the flux. This analysis was repeated for the colli-
mated main jet alone (red region in fig. 6), and for the brighter
emission around it. In the latter case we did not find any sig-
nificant correlation (the Spearman rank was RSDist = 0.3 ± 0.1
and RS Flux = 0.4 ± 0.1, respectively for the Γ-distance and for
the Γ-flux relations). When considering only the collimated main
jet, we found that Γ follows a curved trend as a function of dis-
tance (see Fig. 7). As the Spearman rank can not be used in the
case of non-linear relationships, we split the sample into two
groups: the linear correlation rank is RSDist = 0.9 ± 0.1 up to
200′′ from the pulsar, and RSDist = −0.8 ± 0.2 between 200′′ and
320′′, showing therefore a good correlation in the first portion
of the main jet, and a slightly less significant anticorrelation in
the farther part. Following the same separation up to 200′′ and
320′′(again along the main jet only), we obtain for the Γ vs. flux
correlation: RS Flux = 0.7 ± 0.1 up to 200′′ from the pulsar, while
no correlation is seen in the range 200′′-320′′ from the pulsar
(RS Flux = 0.1 ± 0.3).
2.5. Jet model
We applied the same 2D helical model described in Paper II to
the new 250 ks image, to verify whether the helical pattern that
we detected in the previous shorter Chandra observation can still
fully account for this deeper observation. This is relevant in par-
ticular for the portion of the jet within the first 100′′ from the
Fig. 7. Upper panel: photon index Γ as function of distance along the
collimated main jet (see extraction region in red in Fig. 6). Bottom
panel: as for the upper panel, but here plotted against flux in each
Voronoi cell.
Fig. 8. Solid red line: best fit to the main jet with a simple helical model,
superimposed to the 250 ks Chandra mosaic with Voronoi adaptive bin-
ning (Fig. 2). The model is in relatively good agreement with the shape
of the jet at distances >200′′ from the pulsar, however it fails to repro-
duce the regions closer to the pulsar, and the counter-jet. In solid black
lines are tentative additional helices, each with a different helical phase.
A further tentative helix with different viewing angle is drawn with a
dashed line.
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pulsar, where the new data set confirmed the loss of a coherent
line structure (see discussion in Sect. 2.3).
We used the ciao/sherpa tools and Python environment,
and used the cstat implementation of the Cash statistic2. We fit
the helical model to the mosaic image, using the corresponding
exposure map, and adding a constant 2D function to simulate
the background level. In our model we considered a fixed value
for the particle bulk velocity β = 0.8 (this value producing a
good agreement for the observed ratio between the mean fluxes
of the main jet and counter-jet, in the assumption that the two
are intrinsically identical and the observed difference is only due
to Doppler effects; Paper II). We restricted the modelling to the
main jet, excluding counter-jet and the small scale arcs close to
the pulsar.
The model includes a parameter used to modify the cross
section of the helix around its axis (forming a 2D gaussian cross
section). Given the presence of significant broad emission as dis-
cussed above (Sect. 2.1, 2.3, 2.4.2), we tuned this parameter a
first time to match the brighter collimated main jet, and in a sec-
ond case leaving the parameter free, to mimic the broader emis-
sion encompassing the main jet.
In all cases we found that the fit statistic significantly im-
proved from a reduced value of 2.3 when only the background
was included, to a value of 1.5 (for the helical model parameters:
inclination angle 38◦, helical period 60 yr, cone semi-aperture
angle of 4.5◦; for the full description of the model parameters see
Paper II). The residual map however shows that the image is not
well reconstructed, with only the large scale features being re-
produced. Limiting the fitting to the regions at distances greater
than 90′′ from the pulsar, to avoid the region of the spatial “gap”
closer to the pulsar, does not provide a significant improvement
in the fits results. The portion of the main jet closer to the pulsar
fails to be fully reproduced by the same model parameters found
for the farther part. If we include a helix symmetrical to the main
one to model the counter-jet, this further strongly departs from
the observed counter-jet direction (see the red line in Fig. 8).
Comparison of the brightness profiles extracted from transversal
cuts to the main jet (Fig. 4) shows that the single helix model
does not follow sufficiently well the profiles measured from the
data: the narrow helical model reproduces only in part the bright-
ness peaks of the collimated main jet; and a broad helical model
fails to reproduce the profiles observed from the extended emis-
sion around the jet.
Motivated by these mismatches of the single helix model,
and by the presence of significant broad emission distributed
non-symmetrically around the main jet (see transversal cuts in
Figs. 2 and 4), we tentatively included additional helical out-
flows in the model (see Fig. 8). Given the relatively low surface
brightness of this region, we did not attempt to fit this model
to the data. We inspected only qualitatively whether this phe-
nomenological model could improve the description of the broad
emission encompassing the jet, with respect to the single helical
model.
All the parameters describing the additional helices are fixed
to match the ones used for the main helix, except for the helical
phase and normalisation. Whereas we found that the main col-
limated jet was better described by an helix at phase3 260 deg,
we found that the addition of further helices at phases 340 and
85 deg could mimic quite satisfactorily the extended emission
2 In ciao/sherpa, the cstat implementation provides an approxi-
mate goodness of fit, with the reduced statistic resulting of order 1 for
good fits.
3 the helical phase angle is computed from an arbitrary zero point
seen around the jet (without attempting a fit, we computed the
corresponding statistic values with the ciao tool calc_stat ob-
taining a reduced statistic of 1.4 for 15350 degrees of freedom).
In addition a dim fourth helix with the same phase as the dom-
inant one (260◦) and slightly modified inclination angle of 30◦
could reproduce the emission observed south of the main jet at
distances larger than 200′′ from the pulsar (see Fig. 2). Together
with the helical phase and normalisation, the three additional he-
lices were also slightly shifted to match the main features of the
broader emission. As a side result, the launching points of the
additional helices come out to be aligned with the PWN axis,
backwards with respect to the dominant helix.
3. VLT/FORS2 Hα images
Our group obtained a VLT imaging observing run (run 092.D-
0729, PI: Pavan), carried out in service mode with FORS2 (Ap-
penzeller et al. 1998) at Cerro Paranal on December 23th, 2013.
The aim of the observations was to search for a bow-shock cre-
ated by the supersonic motion of the pulsar in the ISM.
The observations were performed using a narrow-band filter
centered on the Hα line. The total exposure time in this filter was
1 hour 36 minutes. Additional short exposures (Texp=35s) were
also taken with the R_SPECIAL filter in order to have a handle
on the continuum emission.
The images were reduced using the Theli pipeline (Schirmer
2013; Erben et al. 2005) which takes care of all processing steps,
including bias subtraction, flat fielding, astrometric calibration
and coaddition.
The Hα narrow-band images were calibrated by observing
the spectrophotometric standard LTT4364 (Hamuy et al. 1992,
1994) with exposure times short enough to avoid saturation of
the detector. These images were reduced in the same way as the
science images. The tabulated flux of the standard star f (λ) was
integrated within the filter transmission RHα(λ) and this value
was compared with the measured count rate cHα. The derived





= 3.97 × 10−18 ergs s−1 cm−2 counts−1 (1)
Visual inspection of the narrow-band and continuum sub-
tracted images (Fig. 9) reveals a general nebulosity over a large
fraction of the field-of-view. This nebulosity together with the
general crowding of stars, typical of the galactic plane, makes the
detection of the bow-shock difficult. We computed upper limits
on the bow-shock emission by placing 100 random apertures of
1×1′′2 around the expected region of the bow shock, obtaining
F(Hα)BS ≤ 1.25 × 10−17 ergs s−1 cm−2 arcsec−2 at the 3σ level.
4. Discussion
4.1. Main jet
The new deep Chandra observation was optimised to avoid any
instrumental feature falling along the main jet (chips gaps, dead
columns). The mosaic image that we obtained (Fig. 1) confirmed
the large scale spatial modulation of the main jet, as already de-
tected in the previous Chandra observation (Paper II), as well
as the presence of a spatial discontinuity along the main jet, be-
tween 50′′ and 90′′ from the pulsar. A significant broad emission
surrounding the main jet is now also detected (see e.g. Fig. 2 and
Fig. 4). Whereas in Paper II we found a good match between
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Fig. 9. The Lighthouse nebula region in H-α narrow band (continuum
subtracted). Overplotted are the X-ray contours from the mosaic im-
age in Fig. 1. At the bottom of PSR J1101-6101 a bright field star
was masked with a MOS occulting bar. The diffuse emission is likely
unrelated to the Lighthouse nebula, as discussed in the text, and pre-
vents detection of any possible emission from a bow-shock in front of
PSR J1101-6101.
the main jet and a simple helical model, in our new images the
same model shows some discrepancies with the data. The helical
modulation seem to be still a good first order approximation, but
the higher statistics now available shows small scale departures
from such a relatively simple picture. As discussed in Paper II,
a helical pattern along a jet could be due either to a modulation
of the jet launch direction by a free precession of the pulsar or
to the development of kink instabilities along the jet (see e.g.
Lyubarskii 1999; Moll 2010). In this latter case it seems natu-
ral to expect some small scale departures from an overall heli-
coidal trend. In particular, the spatial discontinuity of the main
jet of IGR J11014-6103 might resemble the filament breaks de-
scribed in laboratory plasma jets where macroscopic kink in-
stabilities are accompanied by microscopic Rayleigh-Taylor in-
stabilities occurring at particular regions along the magnetised
plasma jet (Moser & Bellan 2012). These second instabilities can
erode a portion of the plasma jet, either completely or partially,
depending on the relative scales between the smallest filament
diameter reached and the plasma ion skin depth level (Moser
& Bellan 2012). Whereas the lab jets clearly develop on differ-
ent scales with respect to the jet at hand here, the characteristics
of jets produced in the laboratory are expected, as highlighted
by the same authors, to be largely scale invariant and there-
fore applicable to astrophysical jets as well. The surface bright-
ness profile extracted along the main jet of IGR J11014-6103
(Fig. 3) shows no significant decrease in the region of this spatial
“gap”. The main jet in IGR J11014-6103 seems therefore to keep
physically undisrupted. Under the kink instabilities scenario, the
“gap” could then be interpreted as a region where the Rayleigh-
Taylor instabilities would have failed to completely erode the jet.
Alternatively, the gap region could be interpreted as the projected
superposition of the main jet and the broader diffuse emission
surrounding it, possibly due to several outflows (see below), de-
grading the coherence seen otherwise along other regions in the
jet. Conclusive evidences for intrinsic decollimation of the jet
due to Rayleigh-Taylor instabilities or the superposition of sev-
eral emission components to explain the diffuse emission along
the gap cannot be derived from the observations reported here.
The photon index distribution along the broad region en-
compassing the main jet is rather complex, and no clear trend
has been observed for the photon index neither as a function
of distance from the pulsar, nor as a function of flux intensity
(see Sect. 2.4.2). However, when restricting the analysis only to
the brighter collimated main jet, we found a clear correlation
between the photon index Γ and distance from the pulsar (see
discussion in Sect. 2.4.2), with positive correlation up to 200′′,
followed by anti-correlation between 200′′ and 320′′. The first
linear positive correlation between Γ and distance could be in-
terpreted as softening of the emitting particles farther away from
the pulsar, e.g., due to synchrotron losses.The sudden change to
an anticorrelation at larger distances is however more difficult to
explain in this scenario.
Keeping in mind the overall helicoidal modulation of the jet,
we investigated the possibility that the variations in the observed
photon index could be produced by the Doppler effect. When
the synchrotron emission is produced by isotropically distributed
electrons embedded in a magnetic field, the spectral index is a
Lorentz invariant, i.e., if the intrinsic flux follows a power-law
distribution in frequency space, the observed flux will also fol-
low a power-law with the same index (see for example the dis-
cussions in Rybicki & Lightman 1979, see also Begelman et al.
1984 for extragalactic jets, and the treatment for different jet dy-
namics in Lind & Blandford 1985). If the spectrum is intrinsi-
cally curved, however, some further complexity may arise (see
e.g., Fig. 5 in Fraix-Burnet 1997, for the case of a cutoff-power-
law). For an approaching source, the Doppler boosting shifts the
emitted frequencies towards higher observed frequencies in the
observer frame. The observed spectrum could then appear over-
all harder than the emitted one, if the curvature in the emitted
spectrum falls in a suitable range of energies.
In the case of a helical jet, as for IGR J11014-6103, assum-
ing that approaching and receding regions intrinsically emit the
same spectrum, one could then expect to observe harder spec-
tra in approaching regions, if curvature or breaks are present in
the original spectrum. Such breaks could be present in the data
but possible be unresolved in the spectral fit. The total flux of
the approaching regions would also be increased due to Doppler
boosting, therefore one should expect an anticorrelation between
photon index Γ and flux. Along the jet of IGR J11014-6103,
however, the positive and negative Γ-distance correlation makes
it difficult to explain the spectral modulation along the jet by
Doppler boosting.
Alternatively, the complex photon index trend could arise
from either particle re-acceleration along the jet (see, e.g. Rieger
et al. 2007), or from varying conditions of the underlying mag-
netic field. In the latter case one would naively expect softening
of the emission in correspondence to regions of higher magnetic
field, where particles cool more efficiently. These same regions
would yield also higher total fluxes, therefore providing a posi-
tive Γ-flux correlation. This could explain the spectral trend up
to 200 arcsec, but not the hardening later on.
When applying the simple helical model discussed in Paper
II to the jet-like features, we found that, while the single helical
model can still reproduce the overall morphology of the jet, it
fails to reproduce in particular the portion of the jet within the
first 100′′ from the pulsar and the counter-jet, both for the col-
limated main jet, and for the broader emission region around it
(see Sect. 2.5). Whereas the counter-jet mismatch could be due
Article number, page 8 of 11
L.Pavan et al.: IGR J11014-6103 outflows
to non completely symmetric outflows and polar caps of the pul-
sar (as seen already both in isolated and in accreting pulsars, see
e.g. Harding & Muslimov 2011; Bogdanov 2014; Venter et al.
2015), we noticed that the inclusion of several simultaneous he-
lices with different launching phases could recover qualitatively
the counter-jet direction. The different helices are naturally en-
compassing the main jet towards north or south directions de-
pending on the distance from the pulsar, rather than being sym-
metric around the main jet. Although no fit of the multiple he-
lices model was possible, due to the low surface brightness of
the diffuse emission, the comparison between the region covered
by the broad emission and the projection of the different helices
hints towards an improvement of the modelling of this region
with respect to a single broad helix. The complexity of photon
index Γ with respect to both distance and flux could be at least
partially relaxed in this case, as the broad emission would derive
from the projection of several independent helices, each with a
different projected Γ distribution. A side outcome of this model
is that the launching point of the additional helices turns out to
be aligned with the PWN axis and positioned backwards with
respect to the dominant helix. This alignment may naively recall
residual emission from the main jet, launched at different epochs
in the past. However, in this ballistic jet model the past helices
should be largely detached from the pulsar path, reflecting the
travel time of the pulsar between the different launch points. The
broad emission surrounding the main jet in IGR J11014-6103
is instead detected down to the launching points of the hypo-
thetical additional helices. The tentative description of the broad
emission encircling the main jet as being due to multiple helices
necessarily needs therefore to involve the simultaneous presence
of all of them.
A current hypothesis for the Crab jet foresees that the pulsar
“jets” can be launched through the collimation of shocked wind
plasma by hoop stresses in the wind magnetic field (Lyubarsky
2002). This would occur, in the Crab and other low velocity
pulsars, in locations above the pulsar polar caps. Obviously, in
this scheme no simultaneous presence of different helices is ex-
pected. In the case of a relativistic pulsar wind and strong veloc-
ity shears in the PWN we note, however, that the overall geom-
etry and the occurrence of hoop stresses could be modified (see
for example discussion in Kargaltsev et al. 2015).
An alternative interpretation for the main jet would be that
of highly energetic particles being accelerated at the termina-
tion shock and then trapped by the underlying ISM magnetic
field, as already proposed (and still debated) for the Guitar neb-
ula (Bandiera 2008; Johnson & Wang 2010; Hui et al. 2012).
The properties observed from the main jet only (photon index
distribution, geometrical pattern, brightness profile) don’t pro-
vide however definite clues on either this model or the ballistic
jet one. In the case of electrons diffusing into the ambient mag-
netic field, the existence of additional helices would require the
presence of a very particular geometry of the ISM magnetic field.
Also in this case, no trapping of particles by the ISM magnetic
field is supposed to occur at places other than the front shock. At
odds with the ballistic jet scenario, however, in the hypothesis
of diffusion of particles in the surrounding magnetic field, past
helices could show no significant detachment from the pulsar
path, due to possible backwards diffusion of particles along the
field lines. The “jets” would then be a visualisation of the ISM
magnetic field in the surroundings of IGR J11014-6103 (com-
pare for example the ISM magnetic field lines in Giacinti et al.
2013; see also the discussions on the Double Helix Nebula, Mor-
ris et al. 2006; Torii et al. 2014). The apparent organisation into
helices that share the same parameters and differ only for the he-
lical phase angle would however pose severe difficulties to this
scenario as well, in particular requiring these conical helices to
have all the same aperture angle and to converge towards the
pulsar location. To relax this apparent conflict, we note that the
motion of the pulsar in the ISM could affect the distribution of
the surrounding ISM material, together with its magnetic field.
4.2. PWN
The magnetic field BPWN in the PWN of the Lighthouse neb-
ula was estimated in Paper II assuming that a single electron
distribution was responsible for both the X-ray and radio emis-
sion observed along the tail. The angular separation between the
emission peaks at these wavelengths, together with a flow veloc-
ity constrained to be vflow ≥ vPSR, where vPSR & 1000 km/s is
the pulsar velocity through the ISM, was used to derive BPWN ∼
10 − 20 µG. The new Chandra observations reveal a significant
softening of the X-ray spectrum along the PWN axis. Close to
the pulsar, the angular scales on which the variations are ob-
served are as small as ∼ 0.1′ − 0.2′, which corresponds to a lin-
ear scale of ` ∼ 6 × 1017(dPSR/7 kpc) cm. Assuming that the
spectral variations are due to synchrotron losses of the electron
population in the nebular magnetic field implies that the emit-
ting population already cooled down while travelling these dis-
tances. Electrons mainly radiating in the ∼1-10 keV X-ray band
require energies Ee− ≈ 45 (BPWN/100 µG)−1/2 (/5 keV)1/2 TeV,
with  the X-ray photon energy. Equaling the synchrotron cool-
ing time for these X-ray emitting electrons tsync() ≈ 9 ×
108 (BPWN/100 µG)−3/2 (/5 keV)−1/2 s to the dynamic time for
the cooling electrons to propagate within the nebula τ ∼ `/vPSR,
an updated value for the nebular magnetic field BPWN & 30 µG
is retrieved.
The X-ray spectral profile along the nebula axis displays a
monotonic steepening, ranging from Γ = 1.7 to 2.5 (see Fig. 5),
characteristic of synchrotron cooling. The softening rate is how-
ever higher at regions close to the pulsar, and flattens down at
larger distances. Such profile differs from what is expected in
a simple scenario in which radiating electrons are just advected
away along the tail (see, e.g., the 1D toy model applied to the
PWN N157B in Chen et al. 2006). Similar profiles for the X-ray
photon index have also been observed in other PWNe, e.g. 3C 58
(Slane et al. 2004), G21.5–0.9 (Slane et al. 2000), or MSH 15–52
(An et al. 2014), and have been interpreted in terms of energy-
dependent diffusion caused by Rayleigh-Taylor instabilities at
the boundaries of the PWN and/or due to instabilities in the neb-
ular magnetic field (Tang 2012; Begelman 1998). An unstable
magnetic field structure deviating from a pure toroidal compo-
nent may indeed be expected in the strongly perturbed nebula of
IGR J11014-6103 given the high proper motion velocity of the
system through the ISM.
The PWN initially opens up forming a wider cone, and in-
cludes also a more collimated tail visible up to 60′′ from the
pulsar (as described in Sect. 2.1). It could be compared to the
structures seen in other bow-shock PWNs, and noticeably in the
“Mushroom Nebula” powered by PSR B0355+54 (McGowan
et al. 2006). The main differences between the two objects are
the presence in the Lighthouse nebula of a strong narrowing re-
gion immediately behind the pulsar (up to 7′′ from the pulsar,
see Fig. 3), which is not seen in the Mushroom; and the absence
of extended emission surrounding PSR J1101-6101. A displace-
ment between the highest intensity of the bow-shock PWN and
the pulsar location has been observed in the case e.g. of the Tur-
tle nebula (PSR J0357+3205; De Luca et al. 2011, 2013; Marelli
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et al. 2013). In this case, however, also an alternative interpreta-
tion was drawn, where the X-ray trail was modelled as thermal
emission from the shocked ISM along the pulsar path (Marelli
et al. 2013). In the case of PSR J0357+3205 no H-α emission
was detected, since the surrounding ISM is fully ionised. Simi-
larly, in the case of PSR J1101-6101, we could not detect H-α
emission either (see Sect. 3), although the non-detection in our
case is not conclusive given the presence of a large surrounding
nebulosity. In the case of the Mushroom nebula, the presence of
a jet has been invoked to explain the more extended “stem” part
of the PWN. For IGR J11014-6103, the rotation axis may be ori-
ented in the direction of the jet/counter-jet, so a new, roughly per-
pendicular outflow, which moreover falls right at the dissecting
line of the PWN, seems difficult to justify. The presence of two
different components in the PWN of IGR J11014-6103 could
also be explained by differences in the magnetic field confine-
ment, and by the presence of a strongly relativistic component
of the wind (Bucciantini et al. 2005).
Besides the clear differences discussed above, we note that
the X-ray emitting PWN population is characterised by a large
variety of morphologies (see e.g. Kargaltsev & Pavlov 2008;
Kargaltsev et al. 2015) and both the Mushroom nebula and the
Lighthouse nebula could be explained under the same general
bow-shock PWN model, assuming differences in the ISM and
pulsar properties (for example alignment between the pulsar
magnetic field axis and its direction of motion, or spin axis).
4.3. Arcs
Much closer to the pulsar, towards the counter-jet, we observe
in the Chandra mosaic a well defined arc structure (Fig. 1). The
image also suggests the presence of a symmetric arc departing
from the pulsar towards the main jet. It is not clear whether these
structures directly connect smoothly to the jets, or whether they
continue in the direction of the PWN (see Sect. 2.1). The “arcs”
could be interpreted either as emission from the shocked ISM (a
velocity of 1000 km/s, as the ones inferred for PSR J1101-6101,
is indeed considered a lower limit for a shock to start emitting
X-rays) or as outflows from the pulsar itself, in analogy to what
is observed already in several other PWNs (see e.g. in Geminga,
Kargaltsev et al. 2015).
4.4. PSR-SNR association
Current 3D simulations drawn in the ideal case of non-rotating
progenitor stars, predict that asymmetric ejections caused by hy-
drodynamic instabilities could impart strong kicks to a new born
neutron star during a core collapse event (Janka 2012; Wong-
wathanarat et al. 2013). In this case, following Wongwathanarat
et al. (2013), heavy elements should be distributed asymmetri-
cally in the SNR, clustering in the direction opposite to that of
the pulsar kick. To this aim we inspected the published results
about a spatially resolved spectral analysis of SNR MSH 11-61A
performed with XMM by García et al. (2012) and with Suzaku
by Kamitsukasa et al. (2015). While the relatively large uncer-
tainties obtained by Kamitsukasa et al. (2015) did not permit to
detect differences in the abundances of the elements in these re-
gions, the spectra and best fit results presented by García et al.
(2012) clearly show (at a 7-10σ level) that the presence of the Fe
line is much stronger in the NE and SW regions (Fe/[Fe]=0.09
±0.01 and 0.12 ±0.01, respectively) compared to the other re-
gions analysed (Fe/[Fe]=0.02 ±0.01; the regions used by Gar-
cía et al. (2012) are reported also in Fig. 10), although no strong
Fig. 10. Mosaic including all archivalChandra observations of the SNR
MSH 11-61A and IGR J11014-6103 region. Dashed blue polygons are
reproduction of the extraction regions used by García et al. (2012) for
spectral analysis in the SNR (see discussion in Sect. 4).
variation between the direction towards (SW) and against (NE)
the initial kick could be seen.
5. Conclusions
The overall structures of the PWN and main/counter-jet are con-
firmed in the new deep Chandra observations. The PWN appears
now more clearly characterised by a bimodal shape, with a wide
flow up to 0.7′ from the pulsar and a more collimated region
extended up to 1.7′. We observed a clear softening of the spec-
trum along the PWN, and retrieve a nebular magnetic field of
BPWN & 30µG.
The main jet still presents overall the same helical pattern
seen in the previous observation, although several features at
small and large scales cannot be fully explained in this model.
A significant broad emission is detected around it, distributed
asymmetrically with respect to the main jet axis. Different ten-
tative interpretations of this outflow have been drawn in Sect. 4,
in particular in the frame of a ballistic jet, possibly with kink in-
stabilities, and in the frame of diffusion of particles in the local
ISM magnetic field. None of them however can reproduce sat-
isfactorily all observed spatial and spectral characteristics of the
main jet, and the full interpretation of this feature remains open.
A further hint for the presence of multiple flows is even more
puzzling.
The lack of H-α detection (given the presence of strong sur-
rounding nebulosity) and of detectable proper motion of the pul-
sar (given the relatively short timescale over which we could ob-
serve the pulsar, and its large distance to us) are both still fully
compatible with the high linear speed assumed for this pulsar.
In Sect. 4 we also showed that the spectral properties of
MSH 11-61A, derived by García et al. (2012), seem to agree
with the general expectation drawn from the 3D simulations by
Wongwathanarat et al. (2013), and with the prevailing picture of
IGR J11014-6103 being formed during the same explosion that
produced SNR MSH 11-61A.
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